ICP27 is an essential herpes simplex virus type 1 (HSV-1) immediate-early protein that stimulates viral mRNA expression from many viral delayed-early and late genes during infection. One HSV-1 late gene which is highly dependent on ICP27 during infection is that encoding the glycoprotein C (gC). Here we report that the gC gene is specifically transactivated by ICP27 in transfected Vero cells. Using various gC plasmid constructs, we show that ICP27's stimulatory effects are independent of the gC gene's endogenous promoter and polyadenylation site. This suggests that ICP27-responsive elements lie in the transcribed body of the gC gene. We also show that transactivation of the gC gene by ICP27 is independent of other viral proteins, as ICP27 alone can transactivate the gC gene when its transcription is mediated by the human cytomegalovirus immediate-early gene promoter. However, when gC gene expression is driven by its endogenous promoter, the stimulatory effect of ICP27 requires additional transactivators. To explore the level at which ICP27 transactivates the gC gene, we established stably transfected Vero cell lines that have integrated copies of the gC gene under control of the cytomegalovirus immediate-early gene promoter. These gC genes are not constitutively expressed but can be efficiently induced by HSV-1 infection. Using nuclear run-on transcription assays, we show that transcriptional induction of the stably transfected genes is ICP27 independent. In contrast, accumulation of gC mRNA is very highly dependent on ICP27. Together, these results demonstrate that ICP27 posttranscriptionally activates mRNA expression from a biologically relevant viral target gene.
Herpesviruses encompass a large group of medically important, nuclear-replicating double-stranded DNA viruses. Herpes simplex virus type 1 (HSV-1) is the most extensively studied of the herpesviruses and serves as a prototype for characterizing their fundamental replication mechanisms. In particular, much is understood about how HSV-1 regulates the expression of its genes during productive infection (reviewed in references 52 and 72). During such infections, HSV-1 efficiently commandeers the host RNA polymerase II machinery and other host components to express its own genes at high levels, while simultaneously suppressing host gene expression. Moreover, the virus is able to coordinate the expression of its approximately 80 genes in a temporally regulated cascade, consisting of the sequential expression of three viral gene sets: the immediate-early (IE), delayed-early (DE), and late (L) genes. The five IE genes are expressed immediately upon infection. Their transcription does not require any newly synthesized viral proteins but is enhanced by a virion protein,VP16, working in concert with cellular transcription factors. The IE genes encode four gene regulatory factors: ICP4, ICP0, ICP22, and ICP27. These proteins induce the expression of the DE genes, the majority of which encode proteins that are involved in viral DNA replication. Expression of L genes, which predominantly encode structural proteins, comprises the final wave of viral gene expression. Viral L gene expression requires the previous expression of IE genes and is further stimulated by the process of viral DNA synthesis. L genes have been subdivided into two categories based on their DNA replication dependence: true-L genes are strictly dependent on viral DNA replication for their expression, whereas leaky-L genes are only partially dependent.
The IE protein ICP27 is essential for viral replication (35, 53) and has been implicated in a variety of regulatory functions. First, it activates, to various extents, the expression of several DE and L genes (35, 37, 49, 53, 68) . Second, ICP27 down-regulates the expression of certain IE and DE genes as infection proceeds (35, 39, 49, 53) . Third, ICP27 contributes to the shutoff of host gene expression (21, 53) . Finally, in certain human cells, ICP27 prevents apoptotic cell death which is otherwise induced by early events in viral infection (1) .
ICP27 is a multifunctional protein and can modulate gene expression through a variety of mechanisms. Many of ICP27's effects appear to be mediated posttranscriptionally. In various experimental settings, it has been demonstrated to (i) enhance expression of genes which contain weak poly(A) signals by stimulating 3Ј-end processing (37, 38, 56) ; (ii) stabilize beta interferon mRNA expressed from a transfected gene (2, 43) ; (iii) inhibit pre-mRNA splicing (22, 32) ; and (iv) enhance mRNA transport out of the nucleus (5, 6, 31, 55, 63) . As might be expected for a posttranscriptional regulatory protein, ICP27 binds directly to RNA (2, 25, 41, 55) . In addition to its posttranscriptional functions, there is also evidence that ICP27 can regulate transcription (26, 65) . Two recent reports demonstrate that ICP27 associates with RNA polymerase II complexes in infected cells (27, 73) .
The present study was designed to characterize the molecular mechanism(s) by which ICP27 activates responsive viral DE and L genes during productive infection. At least three different mechanisms have been proposed. First, it has been hypothesized that ICP27 activates some L genes by stimulating the usage of their poly(A) sites, which appear to be inherently weak (37) . Consistent with this, ICP27 can increase the efficiency with which a weak poly(A) site is utilized during infection (38) and can modestly stimulate expression of chloramphenicol acetyltransferase (CAT) reporter genes bearing weak or noncanonical poly(A) sequences (4, 56) . Second, evidence has been presented that ICP27 increases the transcription rates of at least two viral L genes (26) . Third, several studies suggest that ICP27 enhances viral gene expression by mediating the transport of DE and L mRNAs out of the nucleus (5, 6, 31, 55, 63) . Since mRNA export is normally linked to pre-mRNA splicing (reviewed in reference 47), the intronless mRNAs of most HSV-1 DE and L genes may require a special mechanism for their transport.
To investigate the mechanism of gene induction by ICP27, we have focused on a model viral target gene: the true-L gene encoding glycoprotein C (gC). This gene is highly dependent upon ICP27 during viral infection, at both the protein and mRNA levels (37, 49, 53, 61) . In this study, we show that the gC gene is also strongly transactivated by ICP27 in transfected cells. We further show that this effect can occur independently of other viral proteins, and does not require the gC gene's endogenous promoter or poly(A) site. In addition, using a nuclear run-on transcription assay, we demonstrate that transactivation of the transfected gC gene occurs via a posttranscriptional mechanism.
MATERIALS AND METHODS
Cells, viruses, and infections. Vero cells (African green monkey kidney cells) were obtained from the American Type Culture Collection. V27 cells are derivatives of Vero cells that have been stably transfected with the ICP27 gene (49) . The generation of Vero cell lines stably transfected with the HSV-1 gC gene (VgC cells) is described below. Vero cells were grown in Dulbecco modified Eagle medium supplemented to contain 5% heat-inactivated fetal bovine serum (FBS), penicillin (50 U/ml), and streptomycin (50 mg/ml). The medium for V27 and VgC cells was the same as for Vero cells except that it also contained G418 (300 g/ml). All tissue culture reagents were purchased from Life Technologies/ Invitrogen (Carlsbad, Calif.).
Strain KOS1.1 (24) was the HSV-1 strain used in these studies. The ICP27 deletion mutant d27-1 has been previously described (49) . The derivation of the HSV-1 gC-negative mutants d44 and d44/27 is described below. All infections were carried out at a multiplicity of infection of 10 PFU per cell in phosphatebuffered saline containing 0.1% glucose and 1% heat-inactivated FBS. Virus was allowed to adsorb to the cells for 1 h at 37°C, at which time the viral inoculum was replaced with 199 medium containing 2% heat-inactivated FBS, penicillin (50 U/ml), and streptomycin (50 mg/ml). Infected cells were then incubated at 37°C.
To construct the gC-negative viruses d44 and d44/27, a marker transfer protocol was used (49, 50) . Briefly, infectious viral DNA was isolated from wild-type (WT) strain KOS1.1 or the ICP27 deletion mutant d27-1. The viral DNAs were then separately cotransfected into V27 cells along with DNA from plasmid pgClacZ (described below) that had been digested with PstI and HindIII to release the modified viral insert. The transfected cultures were harvested after 6 days, and small viral stocks were made. Beta-galactosidase-encoding recombinants in the stocks were identified by plaque assay of the stocks on V27 cells in the presence of 5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside (X-Gal) (300 g/ml). The resulting isolates were plaque purified three times in V27 cells. The KOS1.1-derived recombinant was designated d44, whereas the d27-1-derived recombinant was designated d44/27. The structure of the engineered viral genomes was verified by Southern blotting. In addition, immunoblotting experiments with antibodies specific for gC, ICP27, and ␤-galactosidase confirmed that both mutants expressed the predicted proteins in Vero and V27 cells.
Plasmids. Plasmid pgC contains a 3.0-kb PstI-HindIII restriction fragment from HSV-1 strain KOS1.1 DNA cloned into the PstI and HindIII sites of pUC19. For expression of ICP27 in transfected cells, the plasmid pC27 (40) or pBH27 (48) was used. pC27 contains the an ICP27 gene under control of an enhancerless cytomegalovirus (CMV) IE gene promoter, whereas pBH27 contains the intact ICP27 gene with its endogenous promoter. For coexpression of ICP4 and ICP0, the plasmid pSG1 (14) was used. Plasmids pK1-2 (8) and pSHZ (44) were used for individual expression of ICP4 and ICP0, respectively. Plasmid pSG18 (14) was used for experiments involving the intact ICP8 gene. Plasmid pUHD15-1 (15) was used to express the tetracycline transactivator (tet-TA). The plasmid pCMV␤-c expresses an intronless ␤-galactosidase gene from the CMV IE promoter. It was constructed from pCMV␤ (Clontech) by deleting a 192-bp XhoI-SmaI fragment which corresponds to a simian virus 40 (SV40) intron sequence.
Several derivatives of pgC were constructed. Plasmid pgCXTO contains three copies of the tetracycline repressor operator sequence (TetO) inserted upstream of the gC gene TATA box. To construct pgCXTO, multiple steps were carried out. First, an XcmI site 15 bp upstream of the gC gene's TATA box was converted into an XhoI site. This was accomplished by digesting pgC with XcmI, converting the overhanging 3Ј ends to blunt ends using T4 DNA polymerase, ligating on XhoI linkers, digesting with XhoI, and religating. The resulting plasmid was designated pgCX. Next, a 307-bp fragment containing a trimeric TetO sequence was obtained from plasmid pUHC13-3 (15) by digestion with SmaI and XhoI. An XhoI linker was added to the blunt-ended SmaI end. After XhoI digestion, the resulting TetO fragment was inserted into the XhoI site of pgCX. The resulting plasmid was named pgCXTO. Plasmid pgCPA is a derivative of pgC in which the SV40 late poly(A) site replaces the endogenous poly(A) site. Several steps were carried out to construct pgCPA. First, oligonucleotide-directed mutagenesis was used to engineer an AgeI site approximately 40 bp upstream of the gC gene poly(A) site (at nucleotide 98623 according to the numbering system of McGeoch et al. [36] ). This AgeI site is found at the analogous position of HSV-1 strain 17 (36) but is not present in strain KOS1.1 (K. Perkins and S. Rice, unpublished data). The resulting plasmid was designated pgCAge. pgCAge was digested with AgeI and HindIII, and the large AgeI-HindIII fragment was gel purified. The ends of this fragment were made blunt using the Klenow fragment, BglII linkers were ligated on, and the DNA was digested with BglII. This DNA was ligated to an ϳ250-bp DNA fragment corresponding to the SV40 late poly(A) signal, obtained from plasmid pRL-CMV (Promega Corp.). The latter DNA was prepared by digestion of pRL-CMV with XbaI, treatment with the Klenow fragment to create blunt ends, ligation of BamHI linkers, digestion with BamHI, and gel purification. The resulting plasmid was designated pgCPA. Plasmid pgC⌬pro is a derivative of pgC in which the endogenous gC gene promoter is replaced by the human CMV IE gene enhancer-promoter. This plasmid was constructed by the following steps. Oligonucleotide-directed mutagenesis was used to engineer an XhoI restriction site 20 bp downstream of the gC transcription start site (23), creating plasmid pgC⌬ss. Next, a plasmid in which the gC promoter was deleted was engineered by digesting pgC⌬ss with PstI and XhoI, converting the sticky DNA ends to blunt ends using T4 DNA polymerase, ligating on BglII linkers, digesting with BglII, and religating. This plasmid was termed pgCdpro. The CMV enhancer-promoter, derived from plasmid pRL-CMV, was then inserted into the BglII site of pgCdpro. To accomplish this, a 753-bp HindIII-BglII fragment from pRL-CMV was converted into a BamHI fragment using BamHI linkers and ligated to pgCdpro that had been digested with BglII. Transformants were screened to find an isolate which had the CMV promoter inserted in the correct orientation to drive gC expression. This plasmid was designated pgC⌬pro. The plasmid pgClacZ is a derivative of pgC which was engineered for the purpose of constructing gC-negative viruses. It was constructed in a series of steps. First, pgC was modified by converting its EcoRV restriction site, which is in the 3Ј end of the gC gene, into a BglII site. To do this, pgC was linearized with EcoRV, BglII linkers were ligated on, and the DNA was digested with BglII and religated. The resulting plasmid was designated pgC-Bgl. Second, a mutation was introduced into the 5Ј end of the gC open reading frame in pgC-Bgl by oligonucleotide-directed mutagenesis. The alteration changed the first three codons of gC from 5ЈCCGGGGCGG to 5ЈCCAGATCTG, creating a BglII site. This plasmid was designated pgC-BX2. Next, the gC open reading frame was replaced with the Escherichia coli lacZ gene. To do this, pgC-BX2 was digested with BglII, and the resulting large fragment was ligated to the 3.1-kb BamHI fragment from plasmid pMC1871 (59) , which contains the lacZ gene. A plasmid in which the lacZ insert was in the same orientation as the deleted gC gene was isolated and designated pgClacZ.
Transfections. Cells were transiently transfected using the calcium phosphate precipitation procedure as previously described (16, 48 , and salmon sperm DNA was added to bring the total amount of DNA to 48 g. Total RNA was prepared at 2 days posttransfection using the Trizol reagent (Invitrogen) and the protocol supplied by the manufacturer. The RNA was treated with RNase-free DNase (Roche Diagnostics Corp.) to remove contaminating DNA. The RNA was then extracted with phenol-chloroform-isoamyl alcohol and precipitated with ethanol.
Vero cells were stably transfected with pgC⌬pro as follows. Slightly subconfluent monolayers of Vero cells in 25-cm 2 flasks were cotransfected with 2.5 g of pgc⌬pro and 0.5 g of pSV2neo (64) as described above. Two days posttransfection, the cells were trypsinized and divided into three 10-cm 2 cell culture dishes in Dulbecco modified Eagle medium containing G418 (400 g/ml). Four weeks after transfection, the G418 concentration was raised to 600 g/ml. Sixteen G418-resistant clones from two dishes were isolated and grown into mass culture. The ϳ200 colonies from the remaining dish were trypsinized and pooled in a culture that was designated VgCpool. The 16 cell lines were tested for the ability to produce gC protein when infected with the gC-negative virus d44. Four of the 16 cell lines (VgC2, VgC3, VgC14, and VgC16) tested positively in this assay and were saved for further study.
Immunoblotting. Protein samples for immunoblotting were prepared from transfected or infected cells by scraping the cells in ice-cold phosphate-buffered saline containing protease inhibitors (50 g of N␣-p-tosyl-L-lysine chloromethyl ketone per ml and 25 g of phenylmethylsulfonyl fluoride per ml). The cells were pelleted by low-speed centrifugation and then lysed in sodium dodecyl sulfate (SDS)-polyacrylamide gel sample buffer. Equal cell equivalents of protein samples were separated by SDS-polyacrylamide gel electrophoresis and electrophoretically transferred to nitrocellulose filters (Bio-Rad). The filters were washed once with TBST (10 mM Tris [pH 8.0], 150 mM NaCl, 0.05% Tween 20) and blocked overnight at 4°C with 10% nonfat dry milk. The filters were washed three times with TBST for 15 min each wash and treated at room temperature with primary antibodies. To monitor gC expression, a 1:300 dilution of gCspecific monoclonal antibody H1104 was used. The ICP8-specific monoclonal antibody H1115 was used at a dilution of 1:300. The above antibodies were purchased from the Rumbaugh-Goodwin Institute for Cancer Research (Plantation, Fla.). Beta-galactosidase production was monitored by immunoblotting with a 1:10,000 dilution of a specific monoclonal antibody (Promega). After 1 h of antibody exposure each blot was washed three times with TBST. The blots were then treated with a 1:7,500 dilution of peroxidase-labeled anti-mouse immunoglobulin G secondary antibody (Amersham Pharmacia) and then washed three more times with TBST. Immunoreactive proteins were detected by enhanced chemiluminescence using a commercially available kit (Amersham Pharmacia).
Northern blots. Five micrograms of each total RNA sample was subjected to electrophoresis through a denaturing formaldehyde-agarose gel. The RNA was transferred to GeneScreen Plus (DuPont) filters and UV-cross-linked in a Stratalinker (Stratagene). The filters were prehybridized with 10 ml of prewarmed (60°C) ULTRAhyb hybridization solution (Ambion) for at least half an hour. Hybridization of 32 P-labeled DNA probes was performed overnight at 42°C in ULTRAhyb solution. The filters were then washed according to the ULTRAhyb manufacturer's instructions and exposed to X-ray film. An 813-bp EcoRV-EcoNI fragment from pgC, corresponding to a section of the gC coding region, was used as the hybridization probe for some blots (see Fig. 3 , 4, 5, and 7). For another blot (see Fig. 2 ), the probe corresponded to the entire 3.0-kb HSV-1 insert of pgC. Radioactive labeling of the probes with 32 P was done using a randomprimer labeling kit (Invitrogen).
Nuclear run-on transcription assays. Nuclear run-on transcription assays were performed as previously described (65, 66) . Briefly, Vero cells or VgC16 cells were either mock infected or infected with d44 or d44/27. Infections were performed in the presence of phosphonoacetic acid (PAA) (400 g/ml) to inhibit viral DNA replication. Nuclei were harvested at 4 h postinfection (hpi) and frozen at Ϫ80°C. Equal numbers of thawed nuclei were allowed to undergo run-on transcription in the presence of [ 32 P]UTP. Radiolabeled transcripts were purified and hybridized to single-stranded bacteriophage M13 probes corresponding to the viral gC and ICP8 genes (13) or the cellular gamma actin gene (65) . A probe consisting of the M13 vector mp19 served as an additional negative control and showed no significant hybridization (data not shown).
RESULTS

ICP27-dependent expression of the HSV-1 gC gene in transfected cells.
ICP27 stimulates the expression of some but not all viral DE and L genes during productive infection. To begin to investigate the nature of this gene specificity, we asked whether a viral gene known to be responsive to ICP27 during infection is also responsive in the context of transfected cells. We chose to analyze the HSV-1 true-L gene encoding gC, which is highly dependent on ICP27 during viral infection (37, 49, 53, 61) . A 3.0-kb restriction fragment containing the intact gC gene from HSV-1 strain KOS1.1 was cloned in the plasmid vector pUC19, giving rise to plasmid pgC. The viral insert in pgC (Fig. 1A) contains all known functional elements of the gC gene, including its promoter (23) and poly(A) site (36, 37) . pgC also contains the downstream UL45 gene, a true-L gene which has an independent promoter but shares a poly(A) site with the gC gene (36, 69) .
In initial experiments, pgC was transfected into Vero cells alone, or together with a plasmid encoding ICP27 and/or a plasmid encoding both ICP4 and ICP0. ICP4 and ICP0 are known to activate many HSV-1 genes in transfection assays and have been shown to stimulate transcription (13, 18, 29) . Total protein extracts were prepared after 2 days, and gC protein levels were measured by immunoblotting using a gCspecific monoclonal antibody. The results of a typical experi- ment are shown in Fig. 2A . In the absence of any cotransfected IE genes, no expression of gC could be detected (lane 4). Furthermore, expression was not induced by cotransfection of either the ICP4/0 or ICP27 plasmids (lanes 5 and 6, respectively). However, when the ICP4/0 and ICP27-encoding plasmids were combined, gC expression was readily apparent (lane 7). The gC protein comigrated with gC expressed from infected Vero cells (lane 2) and appeared to correspond predominantly to the ϳ86-kDa pgC form of the protein (3). In additional experiments, we determined that an ICP4-but not ICP0-encoding plasmid could partially substitute for the ICP4/0 plasmid to induce gC expression in the presence of ICP27 (data not shown).
To see if the increase in gC protein expression was due to an increase in encoding mRNA, we repeated the transfection experiment but assayed mRNA levels by Northern blotting (Fig. 2B) . The results were very similar to those of the protein analysis, i.e., both ICP27-and ICP4/0-encoding plasmids were required for detectable expression of gC at the mRNA level (lane 6). The mRNA was approximately 2.7 kb, as expected (12) , and comigrated with gC mRNA isolated from HSV-1-infected cells (lane 1). Together, these experiments demonstrate that the transfected gC gene is responsive to ICP27 at the level of both protein and mRNA expression. However, the stimulatory effect also requires expression of other HSV-1 transactivators.
It has been proposed that ICP27 is a viral export factor that promotes the transport of HSV-1 intronless RNAs (55, 62) . To see if ICP27 stimulates expression of all intact, intronless HSV-1 genes in transfected cells, we studied the effect of ICP27 on the DE ICP8 gene. During infection, this gene does not require ICP27 for its expression (35, 51, 68) . ICP8 expression from plasmid pSG18 (14) was undetectable in the absence of HSV-1 transactivators (Fig. 2C, lane 3) but was stimulated by coexpression of ICP4 and ICP0 (lane 4), consistent with previous studies (46) . Cotransfection of the ICP27 plasmid did not activate ICP8 expression (lane 5), nor did expression of ICP27 enhance the ability of ICP4/0 to stimulate ICP8 expression (compare lane 6 to lane 4). Thus, the response of the intact gC gene to ICP27 appears to be specific, in that another intronless HSV-1 gene is nonresponsive.
Stimulation of gC gene expression by ICP27 does not require ICP4 or ICP0. There are at least two possible explanations for why ICP27-dependent transactivation of the transfected gC gene also requires ICP4/0. First, ICP4 and/or ICP0 may be directly involved in the mechanism by which ICP27 stimulates gene expression. This is consistent with previous studies which have demonstrated physical and functional interactions between ICP27 and ICP4 or ICP0 (45, 54, 74) . Alternatively, ICP27 and ICP4/0 might stimulate distinct steps in gene expression, making them both required for gC expression. For example, ICP4 and ICP0 are known to stimulate transcription, whereas ICP27 may have a posttranscriptional effect. To distinguish between these two general possibilities, we asked whether ICP4/0 could be replaced in the transfection assay by an unrelated transcriptional transactivator. To accomplish this, the gC gene was modified by the insertion of three copies of the tetracycline repressor operator sequence 15 bp upstream of the gC gene's TATA box. This new plasmid was designated pgCXTO (Fig. 1B) . This addition was intended to 7) . Transfections also included pSG1, which encodes ICP4 and ICP0 (lane 5); pC27, which encodes ICP27 (lane 6); or pSG1 plus pC27 (lane 7). After 2 days, cell lysates were prepared and equal amounts were subjected to immunoblotting using a monoclonal antibody specific for gC. Lane 1 shows protein size standards; lane 2 contains protein extract from HSV-1-infected Vero cells, harvested at 6 hpi. (B) Induction of gC mRNA expression. Vero cells were transfected with the plasmids indicated, as in panel A. RNA was prepared at 2 days posttransfection, and equal amounts were subjected to Northern analysis using a gC gene-specific probe. Lane 1 contains RNA from HSV-1-infected Vero cells. (C) ICP8 gene expression is not affected by ICP27. Vero cells were transfected as in panel A, except that plasmid pSG18, which encodes ICP8, replaced pgC. Protein analysis was carried out as in panel A, except the blot was probed with an ICP8-specific monoclonal antibody.
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on October 14, 2017 by guest http://jvi.asm.org/ make the gC gene responsive to the tet-TA, an artificial regulatory molecule composed of the tetracycline repressor DNAbinding domain fused to the HSV-1 VP16 transcriptional activation domain (15) . Next, we carried out a transfection experiment in which we compared the responses of pgC and pgCXTO to ICP27 and other transactivators. Both plasmids responded very similarly to the HSV-1 transactivators, requiring both the ICP27 and ICP4/ICP0 plasmids for detectable expression of gC (Fig. 3A , lane 6, top and bottom panels). However, the two plasmids responded quite differently to the tet-TA. Whereas tet-TA had no effect on gC expression from pgC, either alone or in combination with ICP27 (Fig. 3A, top panel, lanes 7 and 8, respectively), it had a strong effect on expression from pgCXTO (bottom panel). In the absence of ICP27, tet-TA led to low but detectable gC expression (Fig. 3A, lane 7) . Moreover, when the tet-TA-and ICP27-encoding plasmids were combined, gC expression was dramatically stimulated (Fig. 3A, lane 8) . In fact, the combination of ICP27 and the tet-TA was significantly more efficient at inducing gC expression than the combination of ICP27 and ICP4/0. Northern analysis of total RNA extracted from a similar transfection experiment gave results that paralleled the protein analysis; i.e., tet-TA and ICP27 acted synergistically to induce gC mRNA expression from pgCXTO (Fig. 3B, lane 5) . tet-TA alone led to low but detectable gC mRNA expression (barely visible in lane 3, but apparent in longer exposures). Together, the results of these experiments demonstrate that tet-TA can substitute for ICP4/0 to help ICP27 stimulate gC expression from a transfected plasmid, provided that the tet-TA binding site is present in the gC promoter. We conclude that ICP27's stimulatory effect on the transfected gC gene does not require a specific interaction with ICP4 or ICP0.
The endogenous poly(A) site is not required for ICP27's stimulatory effect on the transfected gC gene. Previous work has demonstrated that ICP27 can stimulate the expression of transfected reporter genes which possess weak poly(A) signals (4, 56) . Moreover, the gC gene has a relatively weak poly(A) site, as judged by its inefficient processing in vitro (37) . Together, these findings have led to the proposal that the weak poly(A) signal of the gC gene and other L genes may be critical for their transactivation by ICP27 (37) . To test this, we engineered pgCPA, a derivative of pgCXTO in which the endogenous poly(A) site has been replaced by the strong poly(A) site from the SV40 late transcription unit (Fig. 1C) . This poly(A) signal is considered to be especially efficient in mammalian cells (20) and has been shown to be nonresponsive to ICP27 in the context of a reporter gene transfection assay (56) . When pgCPA was tested (Fig. 4A, bottom panel) , its response to transactivators was very similar to that of pgCXTO (top panel). Specifically, gC expression from pgCPA was unresponsive to ICP4/0 or ICP27 (lanes 4 and 5), but was modestly induced by the tet-TA (Fig. 4A, lane 7) . Moreover, ICP27 was able to cooperate with either ICP4/0 (Fig. 4A, lane 6) or the tet-TA (Fig. 4A, lane 8) to induce gC expression. Northern blot analysis of RNA isolated from a similar transfection experiment indicated that the primary effect of ICP27 on pgCPA was to stimulate mRNA expression (Fig. 4B) , similar to what was seen for pgCXTO (Fig. 3B) . Therefore, regulation of the transfected gC gene by ICP27 is not significantly affected by replacing the endogenous weak poly(A) site with the highly efficient one from the SV40 late transcription unit. We conclude that the endogenous poly(A) signal is not required for the response of the transfected gene to ICP27.
A gC gene driven by the CMV IE promoter is highly responsive to ICP27. ICP0 and ICP4 are known to activate gene expression at the level of transcription (13, 18, 29) , as is the tet-TA (15). It is perhaps not surprising that transcriptional activation of the gC gene may be required, as the gC promoter and other HSV-1 true-L promoters are weak in uninfected cells (58, 72) . With this in mind, we hypothesized that replacement of the gC promoter with a strong constitutive promoter might alter the requirements for viral transactivators in the transfection assay. To test this, we constructed a derivative of pgC, designated pgC⌬pro, in which the strong promoter-enhancer of the CMV IE gene was attached to the body of the gC gene (Fig. 1D) . The CMV sequences were joined to the gC gene at nucleotide ϩ22 relative to the gC transcription start site (23) , leaving the modified gC gene with most of its normal 5Ј untranslated region. When pgC⌬pro was transfected into Vero cells, no gC was detected (Fig. 5A, lane 7) , indicating that the gene was not constitutively expressed. Interestingly, ICP27 alone was now able to induce high-level expression of the gC gene (Fig. 5A, lane 9) . We found that the ICP4/0-encoding plasmid also was able to induce gC expression from pgC⌬pro (Fig. 5A, lane 8) , albeit not as efficiently as ICP27. Further experiments with separate ICP4-and ICP0-encoding plasmids indicated that the stimulatory effect of the ICP4/0 plasmid was predominantly due to ICP0 (data not shown).
To examine whether ICP27 stimulated mRNA accumulation from the CMV promoter-driven gC gene, we next carried out Northern analysis on Vero cells transfected with pgC⌬pro (Fig.  4B) . In the absence of transactivators, no gC mRNA could be detected (Fig. 4B, lane 3) . ICP27 clearly stimulated mRNA expression from pgC⌬pro (Fig. 4B, lane 5) , as did ICP4/0 (Fig.  4B, lane 4) , although to a lesser extent than ICP27. Interestingly, the combination of ICP27 and ICP4/0 (Fig. 4B, lane 6 ) dramatically stimulated mRNA expression over that induced by ICP27 alone Fig. 4B, (lane 5) . This was somewhat surprising as there was little difference when protein levels were compared (Fig. 5A ). This observation suggests that one or more of the HSV-1 transactivators may affect the stability or translation of gC expressed from pgC⌬pro. This possibility is currently being investigated.
The above experiments indicate that ICP27 can stimulate mRNA and protein expression from a transfected gC gene driven by the CMV promoter. We considered the possibility that this effect might be due to a general stimulation of CMV IE promoter activity by ICP27. To test this idea, we asked whether ICP27 could stimulate expression of another intronless CMV IE promoter-driven gene. We used the plasmid pCMV␤-c, a construct in which the CMV IE promoter drives expression of beta-galactosidase. This plasmid was transfected into Vero cells, plus or minus increasing amounts of ICP27 plasmid, and beta-galactosidase expression was assayed after 2 days by immunoblotting (Fig. 5C ). Unlike the gC gene in pgC⌬pro, which was not expressed at all in the absence of ICP27, the ␤-galactosidase gene of pCMV␤-c was constitutively expressed (lane 2). Moreover, its expression appeared unresponsive to a cotransfected ICP27 gene at several doses (lanes 3 to 5). Thus, the stimulatory effect of ICP27 appears to be specific for the pgC⌬pro gene, rather than a general induction of genes driven by the CMV IE promoter.
Response of the stably transfected gC gene to ICP27. The response of transfected HSV-1 genes to HSV-1 trans-regulators can differ depending on whether the gene is on a transiently transfected plasmid or is stably integrated into the cellular genome (34, 60) . To see if an integrated gC⌬pro gene is also responsive to ICP27, we introduced it into Vero cells by stable transfection. To do this, Vero cells were cotransfected with pgC⌬pro and pSV2neo (64) , and G418-resistant colonies were isolated. Of 16 G418-resistant cell lines, 4 had at least one integrated gC⌬pro gene, as demonstrated by their ability to express gC following infection with a gC-negative HSV-1 mutant (see below). These lines were designated VgC2, VgC3, VgC14, and VgC16.
We first asked whether the integrated pgC⌬pro genes are responsive to ICP27. To do this, we transiently transfected the VgC3, VgC14, and VgC16 cell lines with HSV IE plasmids and assessed gC expression at 2 days posttransfection (Fig. 5D) . On its own, ICP27 was unable to induce gC expression from the integrated genes (Fig. 5D , lane 5, all three panels). However, the integrated genes were clearly responsive to ICP27, as expression of ICP27 greatly enhanced gC expression when it was coexpressed with ICP4 and ICP0 (Fig. 5D, compare lanes 6  and 4) . For the VgC3 and VgC16 cell lines, a small level of gC expression was induced by introduction of ICP4 and ICP0 plasmids, even in the absence of ICP27. This was not observed for VgC14 cells (Fig. 5D, lane 4, middle panel) , but the significance of this is unclear, since the overall efficiency of gC induction by the combination of ICP27, ICP4, and ICP0 was reduced for this cell line compared to the others (Fig. 5D, lane  6) . We conclude from these data that ICP27 is able to stimulate expression of the stably integrated CMV promoter-driven gC genes in VgC3, VgC14, and VgC16 cells, in combination with ICP4 and ICP0. Preliminary analysis indicates that ICP0, not ICP4, plays the major role in stimulating expression of the integrated genes in combination with ICP27 (data not shown). results indicate that both the transiently and stably transfected gC genes are responsive to ICP27. We asked next whether the stably transfected gC genes could be activated by ICP27 expressed from an infecting virus. However, this question is complicated by the fact that an infecting virus would carry in its own gC gene, making it difficult to follow expression of the transfected gene. To avoid this complication, we engineered derivatives of WT HSV-1 and the ICP27 null mutant d27-1 (49) which have their nonessential gC genes replaced by the E. coli lacZ gene (Fig. 6A) . These mutants were designated d44 and d44/27, respectively. To confirm that gC-negative mutants express ␤-galactosidase in place of gC, we examined the gene expression of these viruses under permissive conditions. To do this, we infected V27 cells, which express ICP27 upon infection and thus complement the growth of ICP27 mutants, with d44, d44/27, or their parental viruses. Proteins were collected at 6 hpi and subjected to immunoblot analysis (Fig. 6B ). All the virus-infected cells expressed similar amounts of ICP8 (top panel), indicating that the cells were successfully infected. However, and as expected, d44-and d44/27-infected cells did not express gC but did express ␤-galactosidase (middle and bottom panels, respectively). To see if HSV-1 infection activates expression of the stably transfected CMV-gC gene, the four VgC cell lines were mock infected or infected with either d44 or d44/27. We also analyzed a pool of stable pgc⌬pro transfectants, designated VgCpool, representing a mixture of ϳ200 colonies. As an additional control, Vero cells were infected. All infections were carried out in the presence of PAA (400 g/ml), a specific inhibitor of HSV-1 DNA replication. This treatment prevents infections from progressing into the L phase and thus eliminates any differences between d44 and d44/27 infections which would be due to differences in the rate of viral DNA replication. The expression of gC at 6 hpi was analyzed by immunoblotting (Fig. 7A) . As expected, no gC was expressed in infected Vero cells (lanes 3 and 4) . However, all four stably transfected lines, as well as the transfectant pool, exhibited similar patterns of gC gene expression. No expression was seen in the absence of infection (Fig. 7A, lanes 5, 8, 11, 14, and 17) , nor in d44/27 infections, lacking ICP27 (Fig. 7A, lanes 7, 10, 13 , 16, and 19). However, gC expression was efficiently induced in the d44 infections, wherein ICP27 was expressed (Fig. 7A,  lanes 6, 9, 12, 15, and 18 ). These results indicate that HSV-1 infection efficiently activates the stably transfected gC⌬pro gene and that ICP27 is required for this effect.
HSV-1 infection induces expression of the stably transfected CMV-gC gene in an ICP27
To determine whether activation of the stably transfected gC genes is at the level of mRNA accumulation, a similar infection experiment was carried out in the VgC3, VgC14, and VgC16 lines or in Vero cells. Total RNA was prepared at 6 hpi, and gC mRNA was analyzed by Northern blotting (Fig. 7B) . No gC mRNA could be detected in mock-or d44/27-infected VgC cells. However, abundant gC mRNA accumulated in d44-infected VgC cells (Fig. 7B, lanes 5, 8, and 11) . Thus, ICP27-dependent activation of the stably transfected gC gene during viral infection appears to occur primarily at the level of steadystate mRNA accumulation.
HSV-1-induced transcription of the stably transfected gC gene is independent of ICP27. We next asked whether ICP27 stimulates mRNA production from the transfected gC genes by stimulating transcription. One well-accepted method for measuring transcription rates in mammalian cells is the nuclear run-on assay, wherein nuclei are isolated and subsequently incubated in vitro with radioactive RNA precursors (17, 19) . RNA polymerases that are actively engaged in transcription at the time of nuclear isolation extend their RNA chains under these conditions, leading to the synthesis of short radioactive RNA molecules. Hybridization of these labeled RNAs to single-stranded DNA probes can be used to quantitate transcription rates on individual genes.
Nuclear runoff transcription assays performed on transiently transfected cells are problematic, due to background unregulated transcription over both strands of the transfected plasmid The gC gene open reading frame was replaced with that of the E. coli lacZ gene, as shown. The mutant d44 was derived from WT HSV-1, whereas d44/27 was derived from the ICP27 deletion mutant d27-1. (B) The d44 and d44/27 mutants express ␤-galactosidase but not gC. V27 cells were mock infected or infected with the viruses indicated. Proteins were harvested at 6 hpi and subjected to immunoblot analysis using monoclonal antibodies specific for ICP8, gC, and ␤-galactosidase (top, middle, and bottom panels, respectively).
FIG. 7. HSV-1 infection induces the stably transfected gC gene in an ICP27-dependent manner. (A) gC protein expression in infected VgC cells. Vero, VgC cell lines, or a pool of gC⌬pro transfectants (VgCpool) were mock infected or infected with d44 or d44/27, as indicated. PAA (400 g/ml) was added to all cultures at 1 hpi to inhibit viral DNA replication. Total cell proteins, harvested at 6 hpi, were subjected to immunoblot analysis using a gC-specific monoclonal antibody. As a control, a protein extract from WT HSV-1-infected Vero cells was also analyzed (lane 1). (B) gC mRNA accumulation in stably transfected cell lines. Vero and VgC cell lines were mock infected or infected with d44-or d44/27, as indicated. Total RNA was isolated at 6 hpi, and equal amounts were subjected to Northern analysis using a gC gene-specific probe.
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on October 14, 2017 by guest http://jvi.asm.org/ (C. Spencer, personal communication). However, we reasoned that we could apply the nuclear run-on assay to study the transcription of the stably transfected gC gene, since it is integrated into cellular chromatin. We decided to carry out the analysis in VgC16 cells, since these showed high gC expression following d44 infection (Fig. 7) . VgC16 cells were mock infected or infected with d44 or d44/27. As a negative control, Vero cells were also infected with d44. As in the RNA analysis, PAA was included in all infections to prevent viral DNA replication. At 4 hpi, nuclei were isolated and subjected to nuclear run-on analysis. Radiolabeled run-on transcripts were hybridized to single-stranded bacteriophage M13 probes corresponding to three different genes: the DE ICP8 gene, the cellular gamma actin gene, and the gC gene (Fig. 8) . Complementary probes measure transcription of the relevant mRNAs, whereas anticomplementary probes measure transcription from the opposite strand. In d44-infected-Vero cells (Fig. 8A) , ICP8 transcription was readily apparent, and there appeared to be low-level transcription of the cellular gamma actin gene. Transcription of the gC gene was not detected, as expected, since the gC coding region is deleted from the d44 genome. In mock-infected VgC16 cells (Fig. 8B) , only gamma actin transcription was detected. Thus, the stably transfected gC⌬pro gene is not detectably transcribed in uninfected cells. In d44-infected VgC16-infected cells (Fig. 8C) , the gC gene is transcriptionally active, as is the viral ICP8 gene. gC transcription is expected in this case, since d44-infected VgC16 cells accumulate abundant gC mRNA (Fig. 7B) . Significantly, gC gene transcription is also strong in d44/27-infected VgC16 cells (Fig.  8D) , even though no stable gC mRNA accumulates in these cells (Fig. 7B) . Quantitation of these results by phosphorimaging indicated that the gC transcription was only slightly increased (1.6-fold) in d44-infected cells compared to d44/27-infected cells. This experiment was repeated twice more, with very similar results. In the three replicate experiments, transcription of the integrated gC gene in VgC16 cells occurred efficiently in both d44-and d44/27 infections. However, there was a consistent modest ICP27-dependent increase in gC transcription (average of 2.6-fold). This relatively small difference cannot account for the qualitative induction of gC mRNA that is observed in d44-infected cells. We conclude from these data that ICP27 posttranscriptionally stimulates expression of the gC mRNA from the stably transfected gC gene in VgC16 cells.
DISCUSSION
The transfected HSV-1 gC gene is highly responsive to ICP27. During viral infection, expression of the HSV-1 true-L gene encoding gC is regulated at multiple levels and by several factors. First, like nearly all DE and L genes, gC expression depends on the IE transcriptional activator protein ICP4 (30, 70) . Second, like other true-L genes, gC expression is strongly activated by viral DNA synthesis (23) , an effect which appears to result from a cis-acting change in the viral template which is conferred by the process of DNA replication (33) . Third, gC expression is highly dependent upon ICP27 (35, 37, 49, 53) . As ICP27 stimulates viral DNA synthesis approximately 5-to 10-fold (35, 49) , at least some of ICP27's stimulatory effects on gC expression are an indirect result of its ability to enhance viral DNA replication. However, ICP27 also directly stimulates gC expression via a mechanism which is independent of viral DNA replication. This has been demonstrated by the isolation of several viral ICP27 mutants which are proficient at viral DNA replication but which are unable to express significant levels of gC mRNA (49, 50) . The studies described here on the transfected gC gene also demonstrate that ICP27 directly transactivates the gC gene, independent of effects on DNA replication. Moreover, our experiments indicate that no viral factors other than ICP27 are required for this effect, since ICP27 alone dramatically transactivates the transiently transfected gC gene when its transcription is driven by the CMV IE promoter.
Transfection assays have been used previously to study the effects of ICP27 on gene expression (2, 4, 11, 48, 56, 57, 67) . Our study differs from these past studies in two important ways. First, the target genes utilized previously have generally corresponded to chimeric genes consisting of HSV-1 regulatory sequences [promoters, introns, poly(A) sites] attached to nonbiologically relevant reporter genes such as that encoding CAT. In our experiments, an intact and biologically relevant HSV-1 gene was used. Second, in most cases, the positive effects of ICP27 on transfected target genes have been absent or relatively weak in the absence of other transactivators such as ICP4 or ICP0 (4, 11, 48, 57) . However, we found that the CMV promoter-driven gC gene is highly induced by ICP27 alone. The dramatic response of this gene to ICP27 is reminiscent of studies on the transfected beta interferon gene, which is also highly responsive to ICP27 in the absence of other transactivators (2) .
ICP27 posttranscriptionally activates expression of the transfected gC gene. Several studies have provided evidence that ICP27 activates the gC gene and other L genes during infection via a posttranscriptional mechanism (37, 55, 61) . However, one recent study concluded that ICP27 activates the gC gene by increasing its transcription rate (26) . To date, it has not been possible to use the nuclear run-on transcription assay (19) , a standard method for measuring transcription rates in mammalian cells, to directly measure the transcription rates of L genes during infection. This is because, at late times of infection, both strands and nearly all regions of the HSV-1 genome appear transcriptionally active when assayed by the nuclear run-on assay (13, 26, 61, 65, 71) . This effect is associated with viral DNA replication, since transcription remains strand and gene specific if infections are carried out in the presence of an HSV-1 DNA synthesis inhibitor such as PAA. However, since L genes are highly dependent on viral DNA replication, the use of PAA itself blocks expression of L genes. It is not known whether the promiscuous run-on transcription seen on replicating viral genomes reflects bona fide transcription, or is an experimental artifact associated with viral DNA synthesis. However, this phenomenon makes it difficult if not impossible to use the nuclear run-on assay to study L gene transcription in HSV-1-infected cells.
Our stable transfection system allowed us to avoid the above complication since we were able to study the transcription of an ICP27-responsive L gene that is integrated into cellular chromatin. In addition, since the stably transfected gC gene is transactivated by ICP27 even in the presence of PAA, we were able to include this drug in our experiments. The results of our nuclear run-on experiments showed that the stably transfected gC gene is transcriptionally activated by HSV-1 infection. However, this effect is largely independent of ICP27, since transcription of the gC gene is similarly efficient in both the presence and absence of ICP27. In contrast, accumulation of gC mRNA was found to be highly dependent upon ICP27. We conclude from these data that activation of the transfected gC gene by ICP27 is primarily posttranscriptional.
Our findings contrast with those of Jean et al. (26) , who used a [
3 H]uridine pulse-labeling technique to measure transcription rates of the gC and UL47 genes in WT-and ICP27-mutant virus-infected cells (26) . These investigators concluded that ICP27 stimulates transcription of these two L genes, and that this effect is sufficient to account for the differences in corresponding steady-state mRNAs. In our nuclear run-on assays, we found that ICP27 stimulated gC transcription by a factor of ϳ2.6-fold, clearly not enough to account for the qualitative induction of mRNA accumulation that is dependent on ICP27 (Fig. 7B) . There are at least two possible explanations for why our results differ from those of Jean et al. First, the apparent discrepancy could reflect the two different transcription assays that were used. For example, in the studies of Jean et al. (26) , it is conceivable that the apparent lower rate of in vivo [ 3 H] uridine incorporation into gC mRNA in ICP27-mutant-infected cells was due to very rapid turnover of gC mRNA after its synthesis. Indeed, our results suggest that ICP27 may prevent gC mRNA from being rapidly degraded following its transcription (see below). The second explanation, which we do not favor but cannot exclude, is that transfected gC gene is transactivated by ICP27 via a posttranscriptional mechanism, whereas the endogenous viral gene is transactivated during infection via a transcriptional mechanism.
Possible mechanisms by which ICP27 could posttranscriptionally stimulate gC gene expression. What posttranscriptional mechanism could account for the effect of ICP27 on gC mRNA accumulation? One model which has been proposed to explain how ICP27 transactivates the gC gene and other L genes is that it stimulates the usage of inherently weak L gene polyadenylation sites, thus leading to increased mRNA accumulation (37) . We performed an experiment to test this hypothesis by replacing the gC gene's endogenous poly(A) site, shown to be weak in an in vitro processing assay (37) , with that from the SV40 L gene region. This sequence has been shown to be an especially efficient poly(A) signal in mammalian cells (20) . Furthermore, a CAT reporter gene bearing the SV40 late poly(A) site is unresponsive to ICP27-dependent stimulation in a transfection assay (56) . We found that the gC gene bearing the SV40 poly(A) site is still strongly activated by ICP27. Thus, the endogenous, weak poly(A) site of the gC gene is not required for the response of the gene to ICP27, at least in transfected cells. However, our results do not exclude the possibility that the poly(A) site of the gC gene plays a role in ICP27-responsiveness, in combination with other sequences.
Another possible posttranscriptional mechanism to account for ICP27-dependent transactivation is that ICP27 stimulates gC expression by functioning as a nuclear export factor for the transport of gC mRNA to the cytoplasm, as suggested by several recent studies (5, 31, 55, 63) . Our results are consistent with such a model, especially if ICP27-dependent transport of gC mRNA out of the nucleus also prevents the message from being otherwise rapidly degraded.
There are some interesting parallels between our work and earlier studies on the effects of HSV-1 infection and ICP27 on the transfected beta-interferon gene (2, 43) . Similar to our study, these studies found that a stably transfected CMV-IE promoter-driven beta-interferon gene was expressed at undetectable levels in uninfected cells, a result that is unexpected given the powerful nature of the CMV IE promoter (42, 43) . HSV-1 infection was shown to induce beta-interferon mRNA expression by more than 100-fold, and nuclear run-on analysis indicated that the effect is predominantly posttranscriptional (43) . A subsequent study by Brown et al. demonstrated that ICP27 is the HSV-1 factor responsible for induction of the transfected beta interferon gene (2) . The effect of ICP27 was mapped to the 3Ј untranslated region of the beta interferon gene, which contains an AU-rich element (ARE) that is known VOL. 77, 2003 TARGET GENE ACTIVATION BY HSV-1 ICP27 9881
on October 14, 2017 by guest http://jvi.asm.org/ to mediate cytoplasmic mRNA instability. These studies suggest that ICP27 can posttranscriptionally stabilize the betainterferon mRNA, possibly by interfering with its normal ARE-dependent degradation. Given the similarities between our studies and those on the beta-interferon gene, it is tempting to speculate that ICP27 has a direct effect in stabilizing gC mRNA. Although an inspection of the sequence of the gC gene does not reveal any sequences which resemble ARE instability elements, it is possible that one or more other types of mRNA instability element exist in the gC transcript. Further experiments will be required to test these ideas. The roles of ICP4 and ICP0 in stimulation of the transfected gC gene. The finding that ICP27 posttranscriptionally activates the transfected gC gene suggests an explanation for why the various versions of the gC gene that we constructed showed different requirements for other trans-acting factors. The WT gC gene promoter and other L promoters have minimal promoter structures and are generally weak or inactive in uninfected cells (28, 58) . Thus, the transfected gC gene likely requires both transcriptional and posttranscriptional activation. Transcriptional activation can be mediated by ICP4 and ICP0, (13, 18, 29) , whereas ICP27 mediates posttranscriptional activation. ICP4 and ICP0, however, are not needed when a distinct transcriptional activator such as tet-TA can function, or when transcription is driven by the strong cis-acting signals of the CMV IE promoter-enhancer.
One interesting finding was that ICP27 is able to efficiently transactivate the transiently transfected CMV IE promoterdriven gC gene but is unable on its own to stimulate the stably transfected gene. In this case, ICP4 and ICP0 were found to also be required (Fig. 5C ). We suggest that the packaging of the CMV-gC gene into cellular chromatin represses transcription of the gene and that this effect is overcome by ICP4 and ICP0. Consistent with this, ICP0 has been proposed to counteract a cellular gene repression mechanism via its ability to induce degradation of cellular target proteins (10) . A related finding from our nuclear run-on studies was that there is little if any transcription of the stably transfected CMV-gC gene in VgC16 cells, but HSV-1 infection strongly activates transcription. This effect is largely independent of ICP27, since it occurs in both d44 and d44/27 infections. It has previously been noted that HSV-1 infection can induce the expression of stably transfected viral and cellular genes, or of certain endogenous cellular genes, and that ICP4 and ICP0 appear to have important roles in this phenomenon (7, 9, 34) . Based on this and on the results of our transfection studies, we suggest that ICP4 and/or ICP0 are involved in activating the transcription of the integrated CMV-gC gene.
Mapping ICP27-responsive sequences in the gC gene. It is clear from this and previous studies that there is great deal of gene-specificity in the stimulatory effects of ICP27, with the HSV-1 gC gene being an example of a highly responsive gene. Responsiveness is not merely due to lack of introns (55), as we have found that the intronless ICP8 gene and an intronless CMV-␤-galactosidase gene are unresponsive to ICP27. Thus, there must be other sequences in responsive genes which mediate their regulation by ICP27. Such sequences might be positively acting elements which are recognized directly or indirectly by ICP27 to stimulate expression. Alternatively, they may be negatively acting elements that normally inhibit expression, e.g., sequences which activate mRNA degradation. Indeed, it is surprising that the CMV IE promoter-driven gC gene is not expressed in the absence of ICP27, since this promoter is one of the strongest RNA polymerase II promoters known. This strongly suggests that the gC gene contains a negatively acting element that is overcome by ICP27.
Given the dramatic responsiveness of the transfected CMV-gC gene to ICP27, it should be possible to use this gene to map the ICP27-responsive element or elements. Such experiments are currently in progress. The present work demonstrates that neither the promoter of the gC gene nor its poly(A) signal harbors a sequence which is the sole mediator of ICP27 response. Instead, our results suggest that key responsive sequences map to the transcribed body of the gene. Given our finding that regulation is posttranscriptional, we suspect that the relevant cis-acting sequences will function at the level of mRNA, and it is conceivable that they correspond to binding sites for ICP27.
